Abstract The Cape Verde Islands harbour the second largest nesting aggregation of the globally endangered loggerhead sea turtle in the Atlantic. To characterize the unknown genetic structure, connectivity, and demographic history of this population, we sequenced a segment of the mitochondrial (mt) DNA control region (380 bp, n = 186) and genotyped 12 microsatellite loci (n = 128) in females nesting at three islands of Cape Verde. No genetic differentiation in either haplotype or allele frequencies was found among the islands (mtDNA F ST = 0.001, P [ 0.02; nDNA F ST = 0.001, P [ 0.126). However, population pairwise comparisons of the mtDNA data revealed significant differences between Cape Verde and all previously sequenced Atlantic and Mediterranean rookeries (F ST = 0.745; P \ 0.000). Results of a mixed stock analysis of mtDNA data from 10 published oceanic feeding grounds showed that feeding grounds of the Madeira, Azores, and the Canary Islands, in the Atlantic Ocean, and Gimnesies, Pitiüses, and Andalusia, in the Mediterranean sea, are feeding grounds used by turtles born in Cape Verde, but that about 43% (±19%) of Cape Verde juveniles disperse to unknown areas. In a subset of samples (n = 145) we evaluated the utility of a longer segment (*760 bp) amplified by recently designed mtDNA control region primers for assessing the genetic structure of Atlantic loggerhead turtles. The analysis of the longer fragment revealed more variants overall than in the shorter segments. The genetic data presented here are likely to improve assignment and population genetic analyses, with significant conservation and research applications.
Introduction
The highly migratory loggerhead (Caretta caretta) sea turtle is globally endangered (IUCN 2007) , and occurs in temperate and tropical waters worldwide. Following hatching from nesting beaches, sea turtles enter the ocean. Relatively little is known about the location of posthatchling and small pelagic juveniles during the subsequent ''lost years'', where they may circulate in oceanic gyres and drift with currents (Bolten 2003) . However, loggerhead turtles born at Florida (USA) rookeries are known to inhabit the pelagic zone of the North Atlantic gyre system for several years (Carr 1986 ). Next, an unknown proportion of juvenile turtles recruits to neritic habitats closer to their natal beaches, a behaviour known as juvenile natal homing (Bolten 2003; Bowen et al. 2004) , while others continue to feed in the high seas (Musick and Limpus 1997) . Both pelagic and neritic feeding grounds are usually ''mixed stocks'' drawn from various different rookeries Laurent et al. 1998; Bowen et al. 2004; Bass et al. 2004; Carreras et al. 2006) . At sexual maturity, some adults switch from subadult to adult foraging habitats (Bolten 2003) . Thereafter, individuals undergo breeding migrations between feeding and nesting habitats, with females generally exhibiting philopatry and a high degree of nesting site fidelity (Bolten 2003; Schroeder et al. 2003) .
While North Atlantic and Mediterranean loggerhead turtles are a relatively well-studied systems in population genetics and connectivity research Encalada et al. 1998; Laurent et al. 1998; Bowen et al. 2004 Bowen et al. , 2005 Carreras et al. 2006 Carreras et al. , 2007 Lee 2008) , key gaps in sampling still remain. The second largest nesting aggregation of the globally endangered loggerhead sea turtle (IUCN 2007) in the Atlantic Ocean is found at the Cape Verde Islands, which is also the only major rookery in Western Africa for this species. The archipelago is situated about 600 km west of Senegal in the eastern Atlantic, and is comprised of 10 volcanic islands and 5 islets (Fig. 1) . The vast majority of nesting activity occurs on Boavista Island (90%) but females also nest on Sal, San Vicente, Santa Luzia, San Nicolau, and Maio Islands , and sporadically throughout the rest of the archipelago (López-Jurado, unpublished data).
The Cape Verde loggerhead turtle nesting aggregation faces serious conservation threats (Brongersma 1995; Ross 1995; López-Jurado and Andreu 1998; López-Jurado et al. 2000; Fretey 2001; López-Jurado and Liria 2007) . These include substantial illegal harvest of eggs and adult females on the beaches, along with the loss of both males and females in the surrounding ocean waters through harvest or incidental capture in fisheries (López-Jurado et al. 2000; Marco et al. 2008) . During 2007, it was estimated that about 1,150 females were killed or captured around the whole archipelago . Furthermore, males are captured due to a belief in the aphrodisiacal powers of their genitals. Other areas, linked to Cape Verde through migration and dispersal, are likely to be affected by these activities as well, underscoring the need to understand the connectivity of this rookery. These may include coastal areas from Mauritania to Sierra Leone, as well as the oceanic waters of Gambia, Guinea Konakry and Guinea Bissau, which satellite tracking studies have shown to constitute important feeding grounds for adult female loggerheads of Cape Verde (Hawkes et al. 2006) .
In sea turtles, the contrast between mitochondrial (mtDNA) and nuclear (nDNA) results and among different life stages highlights the complex population structure of these organisms and the need to examine multiple genetic markers and life stages (Bowen et al. 2005 ). Samples from most major loggerhead turtle rookeries, albeit with significant exceptions such as the Cape Verde Islands, have been sequenced at the mitochondrial DNA control region Bowen et al. 2005; Carreras et al. 2007; Reis et al. in press) , revealing significant genetic differentiation among most rookeries. More recent control region research identified five rookery groups in the Western Atlantic (Bowen et al. 2005) . In the eastern Mediterranean, Carreras et al. (2007) found four independent units, most of them characterized by one exclusive haplotype. Nuclear DNA microsatellite analyses of both nesting and feeding areas have been carried out to a lesser extent, revealing lower levels of population differentiation. It is suggested that this may indicate male-mediated gene flow and/or mating during overlapping migrations (Bowen et al. 2005; Carreras et al. 2007) .
Using molecular data, Bolker et al. (2007) introduced the ''many-to-many'' mixed stock analysis (MSA) method, which simultaneously estimates the origins and destinations of individuals in a metapopulation using Bayesian analysis. By considering the entire structure of the population, results can for the first time be given in a ''rookerycentric'' way, as the proportions of individuals from each rookery going to each foraging ground. The accuracy of this analysis is known to be limited by factors including incomplete sampling of potential sources, insufficient resolution of the markers used to infer the genetic structure, and insufficient levels of differentiation (Chapman 1996; Masuda 2001, 2005; Bolker et al. 2003 Bolker et al. , 2007 . The mere size of Cape Verde rookery and its geographic location suggest that at least some of the pelagic Atlantic juvenile loggerhead turtles originally assigned to other sources in previous MSAs, could in fact be from this Macaronesian rookery Laurent et al. 1998; Carreras et al. 2006) . Another potentially confounding factor in MSA is lack of resolution in the genetic data. For example, haplotypes that appear to be the same when only a small segment is sequenced may in fact turn out to be different when the analysis is expanded to a longer region. Abreu-Grobois et al. (2006) developed control region primers that expand the target area of formerly used primers (Norman et al. 1994 ) by an additional *380 bp, and found that some haplotypes previously considered the same were in fact different, thus emphasizing the need for further investigation.
In this study, we analysed mtDNA control region sequences and nDNA microsatellite genotypes in adult females nesting at three islands of the Cape Verde archipelago. We used the ''many-to-many'' mixed stock analysis approach (Bolker et al. 2007 ) to reanalyze published data from oceanic feeding grounds for this species Carreras et al. 2006; Revelles et al. 2007) , including the previously uncharacterized Cape Verde rookery. Finally, employing the newly designed mtDNA control region primers (Abreu-Grobois et al. 2006), we sequenced individuals from Cape Verde along with samples from Georgia, USA, two populations whose composition appeared to be dominated by the same CC-A1 mitochondrial haplotype. The objectives of this study were to: (1) characterize the population structure and demographic history of the loggerheads nesting in Cape Verde with mitochondrial and nuclear loci; (2) place the Cape Verde islands into the genetic context of AtlanticMediterranean nesting populations; (3) examine 10 oceanic feeding grounds in order to define important areas for recruitment to the Cape Verde nesting population; (4) evaluate whether mtDNA control region haplotypes of the Atlantic are informatively split into different subhaplotypes when examining the longer control region sequences; and (5) consider conservation applications.
Materials and methods

Sample collection
Tissue samples were collected during two nesting seasons between June and September (2004-2005) 
Laboratory procedures
Genomic DNA was isolated from these samples using the DNeasy Tissue Kit (QIAGEN Ò ) following manufacturer's protocols or using phenol/chloroform extractions (Hillis et al. 1996) .
Mitochondrial DNA
A 380 base pair (bp) fragment of the mtDNA control region was amplified by the polymerase chain reaction (PCR) in the totality of the samples (n = 203; Table 1) using the primers TCR5 (5 0 -TTGTACATCTACTTAT TTACCAC-3 0 ) and TCR6 (5 0 -GTACGTACAAGTAA AACTACCGTATGCC-3 0 ) designed by Norman et al. (1994) . We selected a subgroup of samples (total n = 145: Cape Verde, n = 128; and Georgia, n = 17; Table 1 ) with which to test the utility and applications of more recently designed primers that amplify a *760 bp of the mtDNA control region (Abreu-Grobois et al. 2006 ). The LCM15382 (5 0 -GCTTAACCCTAAAGCATTGG-3 0 ) and H950 (5 0 -GTCTCGGATTTAGGGGTTTG-3 0 ) primers amplify a segment that completely encompasses the shorter region amplified by the TCR5/TCR6 primer pair (Norman et al. 1994) , but leave out the highly repetitive area at the 3 For both primer pairs, PCR reactions were typically performed in 20-25 ll volumes under the following conditions: an initial denaturation step at 94°C for 2 min; followed by 40 cycles of 94°C for 1 min, 55°C for 1 min, 72°C for 1 min; with a final extension at 72°C for 5 min. PCR products were purified using ExoSap (Amersham) or Agencourt AMPure (Beckman Coulter). Cycle sequencing reactions were conducted with Big Dye fluorescent dyeterminator (Applied Biosystems) and the fragments were analysed on an automated sequencer (Applied Biosystems Inc. model 3100 or 3730). Chromatograms were aligned using the Bioedit Sequence Alignment Editor v.7.0.9 (http://www.mbio.ncsu.edu/BioEdit/bioedit.html), or the program Sequencher v.3.1.2 (Gene Codes Corporation).
Nuclear DNA
Samples collected during the 2005 nesting season in Cape Verde (n = 128, Table 1) were analysed using twelve previously described microsatellite loci designed for loggerhead turtles (Cc2-Cc32; Monzón-Argüello et al. 2008) . Total  93  52  79  105  31  32  112  65  49  58  58  128  17  109 Haplotypes Each locus was PCR amplified using the protocol described in Monzón-Argüello et al. (2008) . Fragment sizes were scored using an ABI 3100 automated sequencer with LIZ 500 (Applied Biosystems) used as an internal fluorescent size standard. The results were analysed using GENEM-APPER v.3.5 (Applied Biosystems). Analysis  3  3  3  3  3  3  3  3  3  3  3  3 Pop size 6,200 600 217 1,800 2,400 2,073 572 35 387 33 100 124 (Templeton et al. 1992; Posada and Crandall 2001) to depict patterns of genetic variation between the haplotypes using the software TCS v.1.21 (Clement et al. 2000) . Genetic differentiation between different seasons from the same location (Boavista 2004 and , and between loggerheads nesting at different islands of Cape Verde, was quantified using the exact test of population differentiation (Raymond and Rousset 1995) and Phi statistics (u ST ) (Excoffier et al. 1992) , with statistical significance obtained over 10,000 permutations. All computations were carried out by the program Arlequin v.3.0 (Excoffier et al. 2005) .
Mismatch distributions based on pairwise nucleotide differences among DNA sequences were used to evaluate the demographic history of the Cape Verde rookery using Arlequin v.3.0 (Excoffier et al. 2005) . The validity of the estimated mismatch parameters was tested using Arlequin's sum of square deviations (SSD) test of goodness of fit, comparing observed and expected mismatch distributions (Schneider and Excoffier 1999) . We calculated 95% confidence intervals for all parameters with 100 replicates using Arlequin's parametric bootstrap approach.
Phylogeography of Cape Verde with respect to other Atlantic and Mediterranean loggerhead populations Haplotype frequencies, haplotype diversity (h) and nucleotide diversity (p) of mtDNA sequences were estimated using Arlequin v.3.0 (Excoffier et al. 2005) . Analyses used the Tamura-Nei model designed for control region sequences (Tamura and Nei 1993) to estimate sequence divergence. Genetic differentiation between this population and other Atlantic and Mediterranean rookeries was quantified in comparison to published sequences Bowen et al. 2005; Carreras et al. 2007; Reis et al. in press) using the exact test of population differentiation (Raymond and Rousset 1995) and u ST (Excoffier et al. 1992) , with statistical significance obtained over 10,000 permutations.
Mixed stock analysis of Atlantic and western Mediterranean loggerhead turtle feeding grounds With the new data generated by this study, we were able to include all major sources of nesting colonies in the MSA by adding Cape Verde data to the source baseline of published rookery sequences Bowen et al. 2005; Carreras et al. 2007; Reis et al. in press) . As noted previously, the absence of this major rookery in previous analyses could have affected their accuracy. Results of population differentiation tests were used to define the rookeries or source populations for the MSA. Fourteen nesting-area samples showed sufficient genetic differentiation to proceed as independent sources in the baseline (Table 2) . We then reanalysed previously published data from oceanic feeding grounds in the Atlantic Ocean and Mediterranean Sea Carreras et al. 2006; Monzón-Argüello et al. 2009 ; Table 1 ).
Before carrying out the MSA, we used the exact test of population differentiation (Raymond and Rousset 1995) in the program Arlequin v.3.0 (Excoffier et al. 2005 ) to determine if these groups could be mixed stocks by comparing them to single rookeries. Then, a Bayesian MSA using the ''many-to-many'' approach (Bolker et al. 2007 ) was employed to calculate the proportions of individuals going from the Cape Verde rookery to each foraging area. After using the Markov chain Monte Carlo (MCMC) method to obtain the posterior distribution of the parameters of interest, the Gelman-Rubin diagnostic test was used to confirm convergence of the chains to the posterior distribution, with values less than 1.2 (Gelman and Rubin 1992). Prior information about relative rookery size was used in our Bayesian analysis, assuming that the overall contribution of a rookery is proportional to its size. Rookery sizes were taken from Ehrhart et al. (2003) and Margaritoulis et al. (2003) (Table 1 ). The effect of geographic distance on source contributions to each feeding ground was examined by regressing ''many-tomany'' MSA estimates on the shortest water distances (km) between Cape Verde and juvenile feeding areas (Table 1) .
Nuclear DNA Genetic diversity, differentiation and demographic history of Cape Verde First, we used the software Micro-Checker (Van Oosterhout et al. 2004 ) to check for null alleles or scoring errors. We then calculated the number of alleles per locus (k), observed (H o ) and expected (H e ) heterozygosities, and polymorphic information content (PIC) with Cervus v.3.0 (Marshall et al. 1998) . We tested for deviations from Hardy-Weinberg (HW) equilibrium via Markov chain permutation (Guo and Thompson 1992) using Arlequin v.3.0 (Excoffier et al. 2005) . Sequential Bonferroni corrections were conducted using a global P value of 0.05 (Rice 1989) . We tested for differentiation between islands using F ST and R ST values, as well as the exact test of population differentiation, with Markov chain permutations (Guo and Thompson 1992) as implemented by the Arlequin v.3.0 program (Excoffier et al. 2005) .
Furthermore, population structure was assessed using the program STRUCTURE v.2.2 (Pritchard et al. 2000) , which employs a Bayesian clustering method to identify the most likely number of populations (K) assuming no particular population structure a priori. We followed the search strategy described in Evanno et al. (2005) , and 20 runs were carried out for each value of K (from 1 to 5). We set the length of the burn-in period to 10,000 and Markov Chain Monte Carlo (MCMC) to 100,000, as preliminary tests showed that the results did not change substantially with longer values. We employed the ad hoc statistic DK (Evanno et al. 2005) to detect the number of clusters in our sample.
We used the program Bottleneck v.1.2 (Cornuet and Luikart 1996) to test for recent bottlenecks using the twophased model (TPM) with 90% stepwise and 10% infinite allele mutations, recommended for microsatellite markers (Luikart et al. 1998) . Results were also evaluated under the stepwise mutation model (SMM).
Results
Mitochondrial DNA: shorter segment (*380 bp) Genetic diversity, differentiation and demographic history of Cape Verde Five haplotypes were revealed, including the previously undiscovered haplotype CC-A47 (GenBank accession number EU091309). The CC-A1 haplotype was found in the vast majority of the individuals (68% relative frequency), while other haplotypes and their frequencies were as follows: CC-A17 (28%), CC-A47 (2%), CC-A2 (1%) and CC-A11 (1%).
Temporal analysis comparing two consecutive nesting seasons (Boavista, 2004 (Boavista, -2005  Table 1 ) revealed no significant differences (u ST = -0.0198, P = 0.99; exact P = 1.00), and consequently the haplotypes from different years were pooled. The comparison of the three locations revealed no genetic structure after sequential Bonferroni correction, using both u ST and the exact test (P [ 0.02; exact P = 0.105). We therefore pooled all Cape Verde haplotypes for comparison to other rookeries. Furthermore, as discussed below, the mismatch distribution for the Cape Verde islands was incompatible with the model of a sudden demographic expansion (SSD P = 0.030), but exhibited a putative secondary expansion peak probably due to the occurrence of a very rare and distant haplotype (CC-A2).
Phylogeography of Cape Verde with respect to other Atlantic and Mediterranean loggerhead populations
Pairwise comparisons revealed significant differences between Cape Verde and all other Atlantic and Mediterranean nesting populations (Table 2 ). Haplotype diversity (h) in Cape Verde was among the highest values when compared with all rookeries; however nucleotide diversity (p) was relatively low (Table 1 ) because all of the Cape Verde haplotypes are closely related. Table 1 Mixed stock analysis of Atlantic and western Mediterranean loggerhead turtle feeding grounds Significant differences were found between each of the Atlantic and Mediterranean feeding grounds and each nesting population. In addition, haplotypes from the foraging grounds were not found together at a single rookery but were instead typical of several widely separated rookeries. Together these findings reject the hypothesis of a single juvenile origin, and corroborate the hypothesis that they constitute mixed stocks. The ''many-to-many'' rookerycentric approach revealed that turtles born in Cape Verde distribute in Atlantic and Mediterranean waters (including Gimnesies, Madeira, Andalusia, Pitiüses, Azores and the Canary Islands); although point estimates had large standard deviations (SDs). However, a relatively high percentage of turtles nesting at Cape Verde goes to unknown oceanic foraging area/s (43%; Fig. 2 ). Linear regression revealed no significant relationship between MSA estimates and geographic distance (R 2 = 0.158, F = 1.50, P = 0.255).
Mitochondrial DNA: longer segment (*760 bp)
Ten mtDNA control region haplotypes were found at the Cape Verde rookery through analysis of the longer control region segment (Table 3 ; Fig. 3 ). Haplotypes CC-A1.5, CC-A11.2, CC-A17.1, CC-A17.2 and CCA-47.1 were previously undescribed (GenBank accession numbers EU483081, FJ817091, EU403082, EU483083 and EU483084, respectively). The common CC-A1 haplotype split into four different sub-haplotypes (CC-A1.1-CC-A1.5). Interestingly, only one of these sub-haplotypes was found in the samples from Georgia (USA) where it was fixed, and this sequence differed from the three CC-A1 sub-haplotypes found in the Cape Verde population (Fig. 3) .
The level of differentiation between Cape Verde and Georgia was more pronounced in the analysis of the longer than shorter segments, because these two populations no longer shared the common CC-A1 subhaplotype (u ST(shorter) = 0.161 vs. u ST(longer) = 0.667, P \ 0.05). The comparison of the longer sequences with the traditionally used shorter *380 bp fragments revealed additional informative polymorphic sites, with the highest levels of overall nucleotide diversity found outside of the shorter segments (Fig. 4) . The comparison of the three Cape Verde locations based on the longer sequences did not show genetic structure after sequential Bonferroni corrections, using both u ST and the global exact test of differentiation among samples (P [ 0.072; exact P = 0.024, respectively). Interestingly however, the exact test of population differentiation for the pairwise comparison between Sal and Santa Luzia islands showed significant differentiation (exact P = 0.003).
Nuclear DNA
Genetic diversity, differentiation and demographic history of Cape Verde
All of the loci were highly polymorphic, and overall allele numbers ranged from 3 (Cc32) to 15 (Cc13 and Cc21), with an average of 8.83 alleles per locus (Table 4 ). The mean number of alleles (k), H o , H e and PIC for each locus is shown in Table 4 . Departures from HW equilibrium were not detected for any loci after sequential Bonferroni correction, with the exception of locus Cc30 (v 2 test, P = 0.000). The MICRO-CHECKER software (Van Oosterhout et al. 2004) indicated the possible presence of null alleles and/or stuttering at this locus, which could explain the deviation from HW equilibrium. Cc30 was therefore removed from the analysis. We assumed independence of loci since no linkage disequilibrium was found between marker pairs after sequential Bonferroni corrections (v 2 test, P [ 0.01). Pairwise comparisons between the Boavista, Sal and Santa Luzia islands revealed no significant genetic differentiation after sequential Bonferroni corrections (exact P = 0.292; Table 5 ). Without using prior information on sampling location, the DK ad hoc statistic (Evanno et al. 2005) revealed the most probable number of populations at this rookery (K = 3), although the increment in the mean ln likelihood was very low (K = 1, mean ln likelihood = -4200.83, SD = 0.11; K = 2, mean ln likelihood = -4180.42, SD = 0.95; K = 3, mean ln likelihood = -4160.98, SD = 3.18; Fig. S1 in supplemental information available online). However, the three clusters did not correspond to islands or other evident geographic structures, and the software found each individual could be assigned to each of the three clusters with approximately equal probability, thus failing to conclusively carry out assignment (see Fig. S2 in supplemental information available online). The Wilcoxon test for bottlenecks did not reveal significant heterozygote excess with respect to allele number under either model of evolution. However, the test indicated a heterozygote deficiency consistent with population expansion, as discussed further below (TMP P = 0.008; SMM P = 0.002). Only the stepwise mutation model (SMM) result was significant after sequential Bonferroni corrections.
Discussion
Population structure of loggerheads nesting in Cape Verde
The shorter mtDNA fragment revealed that females nesting on different islands of Cape Verde constitute a panmictic population. In our study, the two most distant islands are separated by more than two hundred kilometres. Similarly, the nesting population from northeast Florida to North Carolina was found to be genetically homogeneous over about 1,000 km (Bowen and Karl 2007) . In contrast, loggerhead nesting populations in south and northeast Florida separated on a scale of 50-100 km are distinct in their mtDNA haplotype frequencies, showing that females are capable of homing on a relatively fine scale (Bowen and Karl 2007) . Similar results were obtained in the Japanese islands, where loggerhead nesting colonies separated on a scale of about 400 km were found to be genetically distinct (Hatase et al. 2002) . Similarly, analysis of the new *760 bp sequence within the Cape Verde archipelago did not detect any statistically significant genetic differentiation in any of the global tests performed.
Comparisons using nDNA markers corroborated the global mtDNA results by revealing no significant population structure among islands in Cape Verde. Further, no consistent differentiation was found using Bayesian clustering analysis. Bowen et al. (2005) obtained similar results when comparing rookeries from the eastern coast of USA using microsatellite loci. Since we found no significant population structure within the Cape Verde archipelago when using mtDNA and nDNA markers, we can conclude that Cape Verde is one panmictic population composed of several rookeries.
However, the exact test of population differentiation for two of these islands (Sal and Santa Luzia) yielded significant levels of differentiation when only the longer fragments were analysed. There are two rare haplotypes unique to Sal (CC-A2.1 and CC-A11.2), and the former is indeed very distant from all of the other haplotypes. Furthermore, another rare haplotype (CC-A1.5) present in Boavista and Santa Luzia is absent in Sal. Finally, the second most common haplotype, formerly described as CC-A17, and now split into two subhaplotypes with the analysis of the longer sequence, presents a very different frequency distribution. The first of these haplotypes (CC-A17.1) occurs in Boavista and Santa Luzia with a frequency up to three times higher than in Sal, while the second (CC-A17.2) occurs in Sal with a frequency three times higher than in the other two islands (Table 3) .
There are two possible explanations for these results. The first is related to the sample sizes available in this study. Given the fact that the apparent differences between Sal and Santa Luzia are influenced by the presence or absence of rare haplotypes, one could argue that with a larger sample these differences would disappear. The second explanation centers on the possibility of a stricter nest site fidelity of turtles from Sal. Such fine scale homing behaviour of sea turtles has been identified in several populations of the species elsewhere in the world (Bowen and Karl 2007) . Stricter homing behaviour on Sal than on the other islands could be due to unknown natural or anthropogenic environmental conditions.
Demographic history of loggerheads nesting in Cape Verde
The demographic history analysis yielded somewhat conflicting results, but the differences are not necessarily contradictory since the two types of markers are likely to be influenced by demographic events acting on different time scales. Mismatch distribution analysis revealed no population expansion following a bottleneck or founding event. The minor peak in the mismatch distribution is likely due to the presence of the very divergent CC-A2 haplotype that appears in several distant rookeries. Consequently, it indicates occasional movements between those rookeries and the archipelago. Analysis of nuclear DNA data did not detect any recent bottleneck in this population. However, it did reveal a heterozygote excess suggestive of population expansion. Both results could be consistent if the population expansion occurred from larger ancestral populations or colonisation events. Microsatellite loci evolve even more rapidly than the mtDNA control region (Parsons et al. 1997; Schug et al. 1998) , and this could explain the discrepancy between the stasis and expansion from mtDNA and nDNA results, respectively. Also, the finding of possible population expansion contrasts markedly with the high mortality rate due to ongoing harvest of this population, suggesting that nDNA could be reflecting episodes that occurred in the past, before the relatively recent major declines.
Phylogeography of Cape Verde with respect to other Atlantic and Mediterranean loggerhead populations The significant differences between Cape Verde and other Atlantic and Mediterranean rookeries indicate that Cape Verde can be considered an independent management unit. A management unit (MU: sensu Moritz 1994) is typically characterized by significant divergence of allele frequencies at nuclear or mitochondrial loci, as well as differences in key demographic features (Moritz 1994; Bowen et al. 2005 ). As noted above, substantial illegal harvest of eggs and turtles occurs in Cape Verde, especially outside of the areas protected by conservation projects in the Boavista, Sal and Maio Islands (López-Jurado et al. 2000) . Thus, the protection and conservation of this distinct population is a priority for the species.
Analysis of the longer sequences distinguished haplotypes previously thought to be the same including CCA-1, which differentiated into four sub-haplotypes. In addition, levels of population differentiation between the two rookeries (Cape Verde and Georgia) analysed with the longer mtDNA sequences were consistently higher than for the shorter segments, although expanding the sample size of the Georgia population would be recommended in future studies. In contrast to haplotype diversity, which increased due to the fact that more polymorphic sites were found, nucleotide diversity using the longer fragment did not increase likely because almost twice the number of nucleotides was screened. Similar results were obtained in hawksbill (Eretmochelys imbricata) and leatherback (Dermochelys coriacea) studies, where additional variable sites and the splitting of common previously lumped haplotypes were revealed using the longer segments (Abreu- Grobois et al. 2006; Velez-Zuazo et al. 2008; Vargas et al. 2008 ).
Dispersion of juveniles from the Cape Verde population
Caution is recommended when interpreting the results of this MSA, since point estimates had large SDs, and not all rookeries have been adequately sampled. Therefore, the value of this analysis in the present context is more to show the presence or absence of Cape Verde juveniles in the different Atlantic and Mediterranean foraging grounds, rather than the actual proportion of them in each area. The rookery-centric ''many-to-many'' MSA revealed that turtles born in Cape Verde distribute in both Atlantic (Madeira, Azores, and the Canary Islands) and Mediterranean (Gimnesies, Pitiüses, and Andalusia) feeding areas, although their abundance at each feeding ground is not determined by geographic distance (straight line distance) in this archipelago. However, straight line distance may not be an adequate measure of sea turtles movements (NaroMaciel et al. 2007 ). For example, Carreras et al. (2006) found that genetic structuring in the Mediterranean could be explained by the pattern of sea surface currents and water masses, where the foraging grounds off the NorthAfrican coast and the Gimnesies Islands are shown to be inhabited mainly by turtles from Western Atlantic nesting stocks. Our results corroborate this hypothesis, as juveniles from Cape Verde distribute in the Mediterranean exclusively in the feeding grounds surrounded by Atlantic currents (Gimnesies, Pitiüses, and Andalusia).
The high and unambiguous percentage of juveniles going to unknown areas reveals the need to investigate additional oceanic areas, for example in the western and south Atlantic (e.g. Caribbean region, Venezuela, southwestern Africa, central south Atlantic, and east coast of South America). Further, due to recent findings of temporal variation in the genetic composition of feeding grounds (Bjorndal and Bolten 2008) , additional long term studies of these areas is needed. Finally, it is important to consider that juveniles going to these unknown areas could be the ones that do not survive to join the foraging groups (juveniles that are incidentally killed or harvested), and are lost to the metapopulation.
We cannot use the longer segment at this time to determine the relationships to other rookeries, or the origins of turtles in the pelagic in-water groups, due to insufficient sequencing of the longer segments at the source rookeries. The analysis of other loggerhead nesting populations as well as feeding areas with the longer fragment will allow for assessment of the advantages of splitting common haplotypes, potentially contributing to more accurate MSAs and estimates of population genetic variation and differentiation. However, the increased number of orphan or rare haplotypes in future analysis may also indicate the need for larger sample sizes for accurate analysis.
Conservation applications
There are several conservation implications of our study. First, as noted above, Cape Verde can be considered as one management unit. In 2008, the Cape Verde government developed a conservation management plan to protect and conserve sea turtles there, the Plano Nacional para a Conservaça˜o das Tartarugas Marinhas em Cabo Verde. The results of this study indicates that management activities included in the plan, such as the translocation of eggs from Boavista to other islands of this archipelago, where nesting activity has decreased or even ceased due to human predation, may help to ensure the long-term viability of this population without altering its genetic structure. However, ultimately a long-term solution to the conservation threats at Cape Verde that includes intensive sea turtle protection and community work is needed.
Second, the mitochondrial evidence shows the isolation of Cape Verde from all other Atlantic and Mediterranean nesting populations and indicates that conservation of Cape Verde, where 90% of nesting activity occurs on the east coast of Boavista Island, is a priority for the species. Currently, the Cape Verde loggerhead nesting aggregation is the only major rookery in the eastern Atlantic (Fretey 2001) . In light of serious threats to this rookery, we recommend increased focus on its conservation.
To enhance conservation, we also recommend additional research, particularly expanding the genetic analysis throughout Macaronesia and the west coast of Africa to include unsampled areas. For example, although occasional nesting activity has been reported at other African locations such as Mauritania or Senegal (Fretey 2001) , the connectivity between these nesting populations and the Cape Verde rookery remains unknown and should be investigated. In addition, for comprehensive threat assessment, further studies of oceanic areas are needed in order to identify high seas feeding grounds or possible threats from areas connected to Cape Verde through migration. Finally, we recommend that genetic monitoring be continuously conducted in order to assess the effectiveness of the conservation program. At the very least, routine annual sampling should be implemented as a standard procedure so as to build up a comprehensive time-series of samples. The long-term gathering of ecological data and DNA samples will safeguard future scientific studies of the rookery by ensuring a solid basis on which to implement new methods of analysis in the future. This will provide a means of evaluating the genetic consequences of current management activities and other human impacts.
